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A Magnetic Recoil Spectrometer (MRS) has been installed and extensively used on OMEGA and the National
Ignition Facility (NIF) for measurements of the absolute neutron spectrum from inertial confinement fusion (ICF)
implosions. From the neutron spectrum measured with the MRS, many critical implosion parameters are determined
including the primary DT neutron yield, the ion temperature, and the down-scattered neutron yield. As the MRS
detection efficiency is determined from first principles, the absolute DT neutron yield is obtained without cross-
calibration to other techniques. The MRS primary DT neutron measurements at OMEGA and the NIF are shown to
be in excellent agreement with previously established yield diagnostics on OMEGA, and with the newly

commissioned nuclear activation diagnostics on the NIF.

In Inertial Confinement Fusion (ICF) experiments
performed at the OMEGA laser' and the National Ignition
Facility (NIF),? the primary neutron yield is one of the most
fundamental parameters that can be measured, as it relates
to the number of fusion reactions and fusion energy
released. This makes the neutron yield a crucial parameter
for diagnosing performance in ICF implosions.
Furthermore, the vyield will indicate if ignition®® has
occurred in experiments currently being conducted at the
NIF. Many yield diagnostic techniques®*® exist, but the harsh
ICF environment makes determining the absolute yield,
with high accuracy, very challenging. Hence, multiple
measurements conducted with different techniques are
essential for establishing the fidelity of the resulting yield
data. In particular, the yield from the Magnetic Recoil
Spectrometer (MRS) data is determined from first
principles,’®** without cross-calibration. In this paper,
absolute yields obtained with the MRS are compared to
other techniques and the results indicate good agreement
between the different measurements.

This paper is structured as follows: Section | discusses the
diagnostic principle of the MRS. Section 11 shows the MRS
yields at OMEGA and the NIF, and how these compare to
other measurements. Section 111 outlines future work, while
Section 1V summarizes the paper.

I. MRS Principle

The MRS consists of four main components; a CH, (or
CD,) foil positioned at 10 cm and 26 cm from the implosion
at OMEGA! and the NIF,? respectively; a focusing magnet
that is located outside the target chamber; and an array of
CR-39 nuclear-track detectors positioned at the focal plane
of the spectrometer. In addition to these four components,
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which are shown schematically in Figure 1, the MRS is
enclosed by polyethylene shielding to suppress the ambient
neutron background.

The MRS principle is as follows: a small fraction of the
neutrons emitted from the implosion hit the CH, or CD, foil,
producing scattered recoil protons or deuterons in the
forward direction. Some of these forward scattered recoil
protons or deuterons are selected by an aperture, positioned
in front of the magnet. The selected recoil particles are
energy-dispersed by their momentum in the MRS magnetic
field and focused onto an array of CR-39 detectors. The
measured recoil spectrum is then used to determine the
neutron spectrum emitted from the implosion.
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Figure 1: A schematic drawing of the MRS and its three main components:
a CH, (or CDy) foil, magnet, and an array of CR-39 detectors. The MRS
uses the foil to convert incident neutrons into recoil charged particles.
Forward scattered recoil protons or deuterons are selected by an aperture in
front of the magnet. Selected recoil particles are momentum analyzed and
focused onto an array of CR-39 detectors, which record the position and
therefore energy of each recoil particle. The measured recoil spectrum is
then used to determine the neutron spectrum from the implosion. The
polyethylene neutron shielding that encloses the MRS is not shown.
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I1. MRS Measurements of the Yield on OMEGA
and the NIF

The DT reaction yield (Ypr) is determined from the
number of counts (S) in the MRS measured spectrum (in the
region corresponding to the Doppler broadened primary
neutron spectrum)™* and detection efficiency of the system
(epr) (discussed in detail in ref. ). If capsule self-
attenuation is small and there are no other significant
sources of neutrons in the vicinity of the primary spectrum,
such as down-scattered neutrons (DSn) produced in high
areal density (>0.1g/cm?) implosions, then the reaction yield
can be determined directly using Ypr=Slepr? As the
detection efficiency is a function of neutron energy (caused
by the energy dependence of the elastic (n,d) scattering
cross-section in the foil),’® a primary-neutron weighted epr
must be used in the analysis. In high-pR implosions at the
NIF, attenuation® and the resulting DSnh spectrum are
significant and must be considered. Therefore, the integral
over the energy range of 13-15 MeV is used for the
determination of the neutron yield (or Yi315). The energy
dependence of ept is accounted for through a forward-fit
analysis of the measured spectrum using the MRS response
function. For high-pR implosions, the relationship between
Y1315 and the total DT reaction yield requires either
measurement of the full neutron spectrum (with models of
the various components) or coupled hydrodynamic and
neutron transport modeling of attenuation and neutron
scattering during the implosion, performed using codes such
as LASNEX or HYDRA®
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Figure 2. OMEGA MRS primary neutron yield as a function of nTOF
primary neutron yield. Excellent agreement between the measurements is
observed for a wide range of implosion-yields. Three different CD, foils
and one CH, foil were used for the MRS in these experiments.

At OMEGA, the MRS is complemented by neutron time-
of-flight ("TOF) detectors.® " " The systematic uncertainty
of the nTOF yield data is 5% at OMEGA,**® 1 while the
systematic uncertainty associated with the OMEGA MRS
and the NIF MRS vyield is 9% and 4.3%, respectively.”’
Figure 2 shows the determined MRS primary yields
produced in gas-filled and cryogenic DT implosions,
compared to nTOF primary yields, ranging from Ypr
~2x10™ - 2x10™ A 100um thick CH, foil and three
different CD, foils (ranging from 60 to 261um in thickness)
were used for these measurements. Because much of the
systematic uncertainties associated with the MRS yield are
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foil-specific, using multiple foils results in a smaller
systematic error of 6% compared to the 9% estimated for a
single foil. The data shows excellent agreement between the
two measurements over several orders of magnitude. A
closer look reveals that the MRS provides a yield that is on
average 0.99+0.02 (statistical error only) of the nTOF yield.

A large suite of nuclear diagnostics has been
commissioned on the NIF. This includes the MRS, nTOFs,’
neutron imaging,* Zr activation,’*? Cu activation,® ® and
the Gamma-ray-burn-history (GRH) detector.”® These
diagnostics have been fielded on DT gas-filled exploding-
pusher implosions and cryogenically layered DT and THD
implosions, producing a wide range of neutron yields. The
MRS vyield has been compared to the Zr and Cu activation
measurements, which are also absolutely calibrated (the NIF
NnTOF detectors were calibrated with the MRS, Zr
activation, and Cu activation data and thus excluded in this
comparison).?* The yields determined from the MRS data,
as a function of the activation data, are shown in Figure 3.
Here, five different CD, foils where used with thickness
ranging from 47 to 259um. Again, the comparison using
multiple foils decreases the MRS systematic error to 3.6%.
Excellent agreement between the two sets of data is
observed. On average, the MRS-to-activation-yield ratio is
0.98+0.02 (for all DT shots from September 2010 to April
12, 2012).
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Figure 3: Absolute primary neutron yield (integrated between 13-15 MeV)
measured by the NIF MRS as a function of the primary yield measured by
Zr and Cu activation (uncertainty weighted mean). Given the absolute
uncertainties, excellent agreement between the measurements is observed,
providing confidence in the absolute primary yield measured at the NIF.

I11. Future work

As the systematic uncertainty typically dominates the
statistical uncertainty in the MRS data, better
characterization of the different MRS parameters will
reduce the uncertainty in the determined primary neutron
yield. We are therefore in the process of reducing the
dominant sources of the systematic uncertainties. At both
OMEGA and the NIF, the uncertainty in the differential
cross-section for (n,d) elastic scattering in the foil is
important. Faddeev calculations of the (n,d) elastic
scattering cross-section, for neutron energies in the range 3-
18 MeV, were recently conducted to an accuracy of 1%.%>%
These cross-sections are planned to replace the cross-
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sections currently used® in the modeling of the MRS-
response function, improving the systematic uncertainty in
NIF-MRS yield from 4.3% to 3.7%. For the OMEGA MRS,
the uncertainty due to geometric and positioning issues (8%
of the total error) needs to be considered as well. A
redesigned foil holder is expected to improve the systematic
uncertainty from 9% to 6%.

IV. Summary

As the MRS detection efficiency is determined from first
principles, the absolute primary neutron yield from an ICF
implosion is determined directly from the measured data
without cross-calibration. The results obtained at OMEGA
and the NIF are good agreement with other measurements,
clearly demonstrating the high fidelity of the yield data at
these facilities. To enhance the capability of the MRS, the
systematic uncertainties associated with the MRS vyield
measurement is actively being reduced.

The authors thank the OMEGA and NIF operations and
engineering staff who supported this work. This work
performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under
Contract DE-AC52-07NA27344 and was supported in part
by the U.S. DOE (DE-FG52-09NA29553), NLUF
(NAQ0000877), FSC (Rochester Subaward PO No. 415023-
G, UR Account No. 5-24431), LLE (412160-001G), and
LLNL (B580243).

V. References

a) This work was done in partial completion of a Ph.D. thesis.

b) Also Visiting Senior Scientist at the Laboratory for Laser Energetics,
University of Rochester

¢) Also Department of Mechanical Engineering, and Physics and
Astronomy, University of Rochester.

d) An estimate of the difference between Ypr and the observed neutron
yield can be derived by calculating the approximate number of DT neutrons
that scatter. This is ~ 1-EXP(-pRa/m), or simply ~ 0.2 pR[g/cm?] for pR <
1 g/cm? Therefore, the actual reaction yield is higher than the observed
yield by ~2% for a 0.1 g/cm? implosion.

1T.R. Boehly, D. L. Brown, R. S. Craxton, R. L. Keck, J. P. Knauer, J. H.
Kelly, T. J. Kessler, S. A. Kumpan, S. J. Loucks, S. A. Letzring, F. J.
Marshall, R. L. McCrory, S. F. B. Morse, W. Seka, J. M. Soures and C. P.
Verdon, Optics Communications 133 (1-6), 495-506 (1997).

2 E. I. Moses, Journal of Physics: Conference Series 112 (1), 012003
(2008).

® R. Betti, P. Y. Chang, B. K. Spears, K. S. Anderson, J. Edwards, M.
Fatenejad, J. D. Lindl, R. L. McCrory, R. Nora and D. Shvarts, Physics of
Plasmas 17 (5), 058102 (2010).

4J. D. Lindl, Inertial confinement fusion : the quest for ignition and energy
gain using indirect drive. (Springer, New York, NY, USA, 1998).

M. J. Edwards, J. D. Lindl, B. K. Spears, S. V. Weber, L. J. Atherton, D.
L. Bleuel, D. K. Bradley, D. A. Callahan, C. J. Cerjan, D. Clark, G. W.
Collins, J. E. Fair, R. J. Fortner, S. H. Glenzer, S. W. Haan, B. A.
Hammel, A. V. Hamza, S. P. Hatchett, N. Izumi, B. Jacoby, O. S. Jones,
J. A. Koch, B. J. Kozioziemski, O. L. Landen, R. Lerche, B. J.
MacGowan, A. J. MacKinnon, E. R. Mapoles, M. M. Marinak, M. Moran,
E. I. Moses, D. H. Munro, D. H. Schneider, S. M. Sepke, D. A.
Shaughnessy, P. T. Springer, R. Tommasini, L. Bernstein, W. Stoeffl, R.
Betti, T. R. Boehly, T. C. Sangster, V. Y. Glebov, P. W. McKenty, S. P.
Regan, D. H. Edgell, J. P. Knauer, C. Stoeckl, D. R. Harding, S. Batha, G.
Grim, H. W. Herrmann, G. Kyrala, M. Wilke, D. C. Wilson, J. Frenje, R.
Petrasso, K. Moreno, H. Huang, K. C. Chen, E. Giraldez, J. D. Kilkenny,
M. Mauldin, N. Hein, M. Hoppe, A. Nikroo and R. J. Leeper, Physics of
Plasmas 18 (5), 051003 (2011).

—-3--

V. Y. Glebov, D. D. Meyerhofer, T. C. Sangster, C. Stoeckl, S. Roberts,
C. A. Barrera, J. R. Celeste, C. J. Cerjan, L. S. Dauffy, D. C. Eder, R. L.
Griffith, S. W. Haan, B. A. Hammel, S. P. Hatchett, N. lzumi, J. R.
Kimbrough, J. A. Koch, O. L. Landen, R. A. Lerche, B. J. MacGowan, M.
J. Moran, E. W. Ng, T. W. Phillips, P. M. Song, R. Tommasini, B. K.
Young, S. E. Caldwell, G. P. Grim, S. C. Evans, J. M. Mack, T. J. Sedillo,
M. D. Wilke, D. C. Wilson, C. S. Young, D. Casey, J. A. Frenje, C. K. Li,
R. D. Petrasso, F. H. Seguin, J. L. Bourgade, L. Disdier, M. Houry, I.
Lantuejoul, O. Landoas, G. A. Chandler, G. W. Cooper, R. J. Leeper, R.
E. Olson, C. L. Ruiz, M. A. Sweeney, S. P. Padalino, C. Horsfield and B.
A. Davis, Review of Scientific Instruments 77 (10), 10E715 (2006).

"V. Y. Glebov, T. C. Sangster, C. Stoeckl, J. P. Knauer, W. Theobald, K.
L. Marshall, M. J. Shoup, lii, T. Buczek, M. Cruz, T. Duffy, M.
Romanofsky, M. Fox, A. Pruyne, M. J. Moran, R. A. Lerche, J. McNaney,
J. D. Kilkenny, M. J. Eckart, D. Schneider, D. Munro, W. Stoeffl, R.
Zacharias, J. J. Haslam, T. Clancy, M. Yeoman, D. Warwas, C. J.
Horsfield, J. L. Bourgade, O. Landoas, L. Disdier, G. A. Chandler and R.
J. Leeper, Review of Scientific Instruments 81 (10), 10D325-326 (2010).

& G. W. Cooper and C. L. Ruiz, Review of Scientific Instruments 72 (1),
814-817 (2001).

°® M. J. Moran, V. Y. Glebov, C. Stoeckl, R. Rygg and B.-E. Schwartz,
Review of Scientific Instruments 76 (2), 023506-023506-023505 (2005).

03, A. Frenje, K. M. Green, D. G. Hicks, C. K. Li, F. H. Seguin, R. D.
Petrasso, T. C. Sangster, T. W. Phillips, V. Y. Glebov, D. D. Meyerhofer,
S. Roberts, J. M. Soures, C. Stoeckl, K. Fletcher, S. Padalino and R. J.
Leeper, Review of Scientific Instruments 72 (1), 854-858 (2001).

1. A Frenje, D. T. Casey, C. K. Li, J. R. Rygg, F. H. Seguin, R. D.
Petrasso, V. Y. Glebov, D. D. Meyerhofer, T. C. Sangster, S. Hatchett, S.
Haan, C. Cerjan, O. Landen, M. Moran, P. Song, D. C. Wilson and R. J.
Leeper, Review of Scientific Instruments 79 (10), 10E502 (2008).

23, A. Frenje, D. T. Casey, C. K. Li, F. H. Seguin, R. D. Petrasso, V. V.
Glebov, P. B. Radha, T. C. Sangster, D. D. Meyerhofer, S. P. Hatchett, S.
W. Haan, C. J. Cerjan, O. L. Landen, K. A. Fletcher and R. J. Leeper,
Physics of Plasmas 17, 056311-056319 (2010).

¥ D. T. Casey, J. A. Frenje, F. H. Séguin, C. K. Li, M. J. Rosenberg, H.
Rinderknecht, M. J.-E. Manuel, M. G. Johnson, J. C. Schaeffer, R.
Frankel, N. Sinenian, R. A. Childs, R. D. Petrasso, V. Y. Glebov, T. C.
Sangster, M. Burke and S. Roberts, Review of Scientific Instruments 82
(7), 073502 (2011).

“H. Brysk, Plasma Physics 15 (7), 611 (1973).

5D, T. Casey, PhD. thesis, MIT, Cambridge, MA, (2012).

8 M. B. Chadwick, P. Oblozinsky, M. Herman, N. M. Greene, R. D.
McKnight, D. L. Smith, P. G. Young, R. E. MacFarlane, G. M. Hale, S.
C. Frankle, A. C. Kahler, T. Kawano, R. C. Little, D. G. Madland, P.
Moller, R. D. Mosteller, P. R. Page, P. Talou, H. Trellue, M. C. White, W.
B. Wilson, R. Arcilla, C. L. Dunford, S. F. Mughabghab, B. Pritychenko,
D. Rochman, A. A. Sonzogni, C. R. Lubitz, T. H. Trumbull, J. P.
Weinman, D. A. Brown, D. E. Cullen, D. P. Heinrichs, D. P. McNabb, H.
Derrien, M. E. Dunn, N. M. Larson, L. C. Leal, A. D. Carlson, R. C.
Block, J. B. Briggs, E. T. Cheng, H. C. Huria, M. L. Zerkle, K. S. Kozier,
A. Courcelle, V. Pronyaev and S. C. van der Marck, Nuclear Data Sheets
107 (12), 2931-3060 (2006).

M. A. Russotto and R. L. Kremens, Review of Scientific Instruments 61
(10), 3125-3127 (1990).

8\, Glebov, personal communication.

0. Landoas, V. Y. Glebov, B. Rossé, M. Briat, L. Disdier, T. C. Sangster,
T. Duffy, J. G. Marmouget, C. Varignon, X. Ledoux, T. Caillaud, 1.
Thfoin and J.-L. Bourgade, Review of Scientific Instruments 82 (7),
073501 (2011).

2D, T. Casey, PhD. thesis, MIT, Cambridge, MA, (2012).

2LE. Merrill, these proceedings.

2D, Bleuel, these proceedings.

2 H. W. Herrmann, J. R. Langenbrunner, J. M. Mack, J. H. Cooley, D. C.
Wilson, S. C. Evans, T. J. Sedillo, G. A. Kyrala, S. E. Caldwell, C. S.
Young, A. Nobile, J. Wermer, S. Paglieri, A. M. McEvoy, Y. Kim, S. H.
Batha, C. J. Horsfield, D. Drew, W. Garbett, M. Rubery, V. Y. Glebov, S.
Roberts and J. A. Frenje, Physics of Plasmas 16 (5), 056312 (2009).

%M. Gatu Johnson, these proceedings.

% J. A Frenje, C. K. Li, F. H. Seguin, D. T. Casey, R. D. Petrasso, D. P.
McNabb, P. Navratil, S. Quaglioni, T. C. Sangster, V. Y. Glebov and D.
D. Meyerhofer, Physical Review Letters 107 (12), 122502 (2011).

% E. Epelbaum, personal communication.



